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This paper is about the modeling of damage and residual stresses induced by a complex
history of thermo-elasto-plastic multiphase in welding heat affected zone (HAZ). A two-
scale model for elasto-plastic damaged multiphase is developed. The constitutive equa-
tions of the model are coupling ductile damage, elasto-plastic strains, phase transformation
and transformation plasticity. In this study, an equation of damage evolution is proposed
based on the continuum damage mechanics. In order to validate the proposed damage evo-
lution, a set of ﬂat notched bars with various notches are to simulated and then compared
to experimental results. An example of laser heated disk is simulated to elaborate the two-
scale model and the simulated results of the two-scale model in CAST3M is compared the
results calculated by a homogenized macroscopic model in SYSWELD. The study shows
the two-scale model provides valuable freedom to choose the material or mechanical
law for each phase. The proposed damage equation extends the application of existing duc-
tile damage models. In the calculation of residual stresses, damage decreases the residual
stresses in HAZ by a small amount.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
The welding process generally leaves residual stresses in the weld and its vicinity, since the solidiﬁcation and contraction
of molten material during cooling are constrained by the surrounding metal. The existence of such residual stresses can sig-
niﬁcantly affect subsequent lifetime, increasing in many cases fatigue or failure events. The service performance of parts that
have been subjected to welding or heat treatment depends on the damage and residual stress state of the structure. Conse-
quently, for an accurate assessment of engineering lifetimes, there is a need to determine residual stress proﬁles as well as
damage states. Experimental techniques provide practical solutions to measure residual stresses as well as cracks: these
methods are very important in practice but the improvement of the welding technique is very slow using only experimental
means. It is signiﬁcant to develop virtual welding tools which increase the indepth understanding of the industrial process,
and also allow rapid testing of new processes. Nowadays the industrial needs in diverse ﬁelds such as aeronautics, nuclear
power and automobile impose increasingly high constraints in order to reduce the manufacturing costs and to increase the
reliability of the parts. Control of the behavior and the failure of mechanical structures for life extension purposes is one of
the main causes of the development of numerical simulation.
The simulation of such problemmust take into account various coupling mechanisms between thermal, metallurgical and
mechanical responses (see Fig. 1 ) which exist during the welding of martensitic stainless steel. Some macroscopic models
were proposed to take all these phenomena into consideration in a common framework (Hamata et al., 1991; Inoue and. All rights reserved.
ret).
Nomenclature
DeTrefca difference of compactness between phase a and phase c at Tref
zi volume proportion of phase i
ei total microscopic strain of phase i
eei elastic microscopic strain of phase i
epi plastic microscopic strain of phase i
ethmi thermo-metallurgical microscopic strain of phase i
E Young’s modulus
Ec classical macroscopic strain
Ee elastic macroscopic strain
Ep plastic macroscopic strain
Etot total macroscopic strain
Ept phase transformation plastic strain
Ri isotropic strain hardening
Xi kinematic strain hardening
Fi yield function of phase i
pi equivalent plastic strain
ai internal variable associated with kinematic hardening
_ri internal variable associated with isotropic hardening
uD damage dissipation potential
T temperature
Tref reference temperature
Di damage variable of phase i
R macroscopic stress
ri microscopic stress of phase i
ryc yield strength of phase i
req equivalent stress
S deviator of stress of phase a
H Hooke’s operator
ai(T) dilatation coefﬁcient of phase i (depending on temperature T)
ai dilatation coefﬁcient of phase i (mean value)
Ms martensite start temperature
Ac1 austenitic transformation start temperature
Ac3 austenitic transformation ﬁnish temperature
b coefﬁcient depend on material in phase transformation model
epteq equivalent plastic strain induced by phase transformation
ept transformation induced plasticity
pD plastic equivalent strain to threshold damage
pR plastic equivalent strain at failure
D0 threshold damage
Dc damage at failure
j damage exponent depend on material
I unit tensor
4974 T. Wu et al. / International Journal of Solids and Structures 45 (2008) 4973–4989Raniecki, 1978; Leblond et al., 1986). In this study, it is supposed that the inﬂuence of mechanics on thermal (arrow No. 4)
and mechanics on metallurgy (arrow No. 6) are negligible since it has been observed that the inﬂuence of stress rate on
transformation diagram is small (Denis et al., 1985, 1987). This assumption uncouples the thermo-metallurgical problem
and the mechanical one. The work herein only focuses the simulation of the mechanical behaviors once the thermo-metal-
lurgical state history is known.
Mechanics
Thermal Metallurgy
6 Stress induced
transformation3 Thermal stress 
2 Latent heat 
4 Heat induced  
by mechanical work
5 Transformation
strain, stress
1 Phase transformation
Fig. 1. Coupling mechanisms.
T. Wu et al. / International Journal of Solids and Structures 45 (2008) 4973–4989 4975A two-scale model is proposed to analyze the welding induced residual state (stresses and damage) based on the work of
Coret and Combescure (2002). In the simulation, several phenomena, i.e. phase transformation, transformation plasticity,
and damage, are taken into account, and a damage equation is proposed based on the continuum damage mechanics
(CDM). A set of ﬂat notched bars are simulated and the numerical results in good agreement with experimental results.
An example of disk heated by laser is presented to predict residual stress, strain and damage. The proposed two-scale model
provides a real freedom to choose the material model of each phase.
2. Modeling
The article is limited to a two-phase model, and it is decided that one denotes martensitic phase and two refers to aus-
tenite. During welding of martensitic stainless steel, two phase transformations are excited: 1? 2 and 2? 1. Volume frac-
tion of martensite and austenite are respectively z1 and z2 with z1 + z2 = 1.
2.1. Phase transformation
The calculation of austenite phase transformation (austenitization) can be based on the phenomenological model (Eq. (1))
proposed by Leblond and Devaux (1984). For welding simulation of damage and stresses, this simple form supposing equi-
librium state may be used. For a slow heating rate, there is enough time for the austenite fraction to reach equilibrium state
for each temperature. Hence the austenite proportion is approximately a linear function of the temperature during phase
transformation:_z1 ¼ zeqðTÞ  z1sðTÞ ð1Þwith zeq(T)is the volume fraction of phase in equilibrium and s(T) represents the characteristic time of the transformation.
For martensitic phase transformation, Koistinen and Marburger’s empirical law (Koistinen and Marburger, 1959) can be
applied to calculate the proportion of martensite. In this law, proportion of martensite is a function of temperature and aus-
tenite proportion:z1 ¼ z2ð1 eb<MsT>Þ ð2Þ
where Ms is martensite start temperature; b is material coefﬁcient; T represents temperature.
2.2. Transformation plasticity
The transformation plasticity strain rate is guided by the model developed by Leblond et al. (1989). Vincent et al. (2005)
validated the transformation plasticity model in uniaxial loading in welding HAZ. A simpliﬁed form is:_Ept ¼
0 if z 6 0:03
 3Deth12ryc  R
D  ðln z2Þ  _z2 if z > 0:03
8<
: ð3Þwhere, Deth12is the difference of thermal strain between the two phases, andr
y
c is the yield stress of austenite phase;R
D being
the macroscopic stress deviator.
2.3. Damage
2.3.1. Damage deﬁnition in multiphase
The damage is supposed to be isotropic and homogeneous. The representative volume element (RVE) of two phases can
hence be presented in 2D. It is supposed that each phase has its own damage. The damage deﬁnition in each of the two
phases is displayed in Fig. 2.
The ductile damage variable D is deﬁned as the surface density of microvoids and microcracks in RVE:
Fig. 2. Deﬁnition of damage variables in representative volume element (RVE).
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S
ð4Þwhere SDis the damaged surface and S is total surface in RVE.
The damage variable D is divided into two parts: damage in phase 1, D1 and damage in phase 2, D2:D ¼ SD
S
¼ S
1
D
S
þ S
2
D
S
¼ n1
S1D
S1
þ n2
S2D
S2
¼ n1D1 þ n2D2 ð5Þwhere ni is surface fraction of phase i:D ¼ D1n1 þ D2n2 ð6Þ2.3.2. Damage evolution law
Based on Lemaitre–Chaboche damage model (Lemaitre and Chaboche, 1994) and Bonora’s equation (Bonora, 1998, 2005;
Steglich et al., 2005), an improved damage model is proposed in this section.
Lemaitre–Chaboche strain damage model is the following in uniaxial cases:D ¼ Dc
pR  pD
p pDh i ð7Þ< >presents the Macauley brackets, where hfi = f if fP 0 and hfi = 0 either. In the above equation, the damage is linear with
plastic strain. It is not in good agreement with 15-5PH observed materials’ response, mainly because this model is based on
an afﬁne relationship between damage and equivalent plastic strain.
Bonora’s damage equation introduces a power law dependence of the equivalent plastic strain, and the damage exponent
can be successfully identiﬁed but the proposed model is combined to a Ramberg Osgood material model. This phenomeno-
logical model is not very well adapted to the behavior of 15-5Ph especially at low temperature. The Bonora’s idea (power law
relationship between plastic strain and damage) is combined in this paper with another material hardening model.
An extension of Lemaitre–Chaboche damage model is proposed and extended to multiaxial case. The damage dissipation
potential is chosen asFD ¼  1sþ 1
Y
S
 sþ1
j  p pDh ij1 ð8Þwhere S, s and j are material parameters which depend on temperature:_D ¼  _k oFD
oY
¼  Y
S
 s
j  p pDh ij1  _p with _k ¼ _p ð9Þwith  
 Y ¼ r
2
eq
2Eð1 DÞ2
f
rH
req
ð10Þ
f
rH
req
 
¼ 2
3
ð1 mÞ þ 3ð1 2mÞ rH
req
  
ð11ÞAccording to Lemaitre and Chaboche (1994), the ductile damage occurs only when the strain-hardening is saturated
(R = R1 = constant) and material is then considered perfectly plastic. Bonora (Bonora, 1998) showed that damage is devel-
oped before saturation or ultimate load and R is regarded as a variable. The expression of the plastic criterion req/
(1  D)  R  k = 0 shows thatreq
1 D ¼ ~req ¼ constant ¼ K ð12Þ
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req
  s
j  p pDh ij1  _p ð13Þwith R ¼ K22ES.
The integrated form becomesD ¼ R  f rH
req
  s
p pDh ij ð14Þand the critical damage isDc ¼ R  f rHreq
  s
pR  pDh ij: ð15ÞIn proportional loading cases, rH/req is a constant. Consequently, from the above two equations, damage is written asD ¼ Dc p pDpR  pD
 j
ð16ÞwithpR  pD ¼ D1=jc R  f
rH
req
  s=j
: ð17ÞIf the initial damage D0 of material is taken into account, the proposed equations are:
 in uniaxial loading:D ¼ Dc  D0ðpR  pDÞj
p pDh ij ð18Þ and in multiaxial loading:D ¼ Dc  D0
pR  pDð Þj
p
2
3
ð1þ mÞ þ 3ð1 2mÞ rH
req
 2" #
 pD
* +j
ð19Þwhere, p refers to plastic stain in uniaxial case, whereas it is equivalent plastic strain in multiaxial loading.
The damage exponent j is a parameter of material depending on the temperature.
When the initial damage is neglected and j is equal to 1, the proposed model simpliﬁes into Lemaitre’s damage model.
Compared with Lemaitre’s model, the constitutive equation of the proposed damage model contains two additional param-
eters: D0 and j.
Remark. Lemaitre damage model is a too strong assumption and have universal application but less precise; Bonora damage
law based on four parameters provides the satisﬁed role in describing ductile damage evolution. The merit of the proposed
damage model is in that it is a simpler model than Bonora’s but it has a good agreement with the experiments, through
extending Lemaitre model.2.4. Mechanical multiphase behavior
Many models are available to model the multiphasic behavior. The idea developed in this paper to deal with the
mechanical problem is to obtain an implicit stress–strain behavior of the mixture which is based on the known behav-
ior of each phase. These models can be classiﬁed into two classes: the ﬁrst uses the thermodynamics of the irrevers-
ible processes (Inoue and Wang, 1985; Hamata et al., 1991); the second aims to determine explicit macroscopic laws
through micro-macro homogenization methods (Leblond et al., 1986; Coret and Combescure, 2002; Garion and Skoc-
zen, 2003).
2.4.1. Homogenized macroscopic behavior
Leblond et al. (1986) developed the models to describe the mechanical behavior of elastic-perfectly plastic materials. The
extension of these models to materials with isotropic or kinematic strain hardening is described in Leblond et al. (1989). The
calculation by ﬁnite elements (implemented in SYSWELD) implies the knowledge of the yield stress of the mixture. Leblond
introduces hence an empirical function f (see Table 1) to deﬁne the yield stress mixture law. The yield stress Ry of the mix-
ture is given by
Table 1
Values of functions f ðzÞ and gðzÞ in Leblond model (Leblond et al., 1986)
z 0 0.125 0.25 0.50 0.75 1.0
f ðzÞ 0 0.044 0.124 0.391 0.668 1.0
gðzÞ 0 2.53 4.0 2.76 1.33 1.0
4978 T. Wu et al. / International Journal of Solids and Structures 45 (2008) 4973–4989Ry ¼ ½1 f ðzÞ  rycðEeffc Þ þ f ðzÞ  ryaðEeffa Þ for isotropic hardening; and
Ry ¼ ½1 f ðzÞ  ryc þ f ðzÞ  rya for kinematic hardening:It is supposed that all the phases have the same macroscopic strain rate. The following equation can then be set:_E ¼ _Ee þ _Ethm þ _Ep ð20Þ
The elastic strain rate _Ee and thermal one _Ethm follow usually linear mixture law. On the other hand, the plastic strain rate is
the sum of three terms proportional to _S, _T and _z. In Leblond model, the classical plastic strain rate _Ecp is a sum of two terms:
the ﬁrst one, _EcpR , proportional to the stress rate, represents classical plasticity at constant temperature; the second one, _E
cp
T ,
proportional to the temperature, represents classical plasticity at constant applied stress.
2.4.2. Two-scale model
A two-scale model is developed using the method of localization–homogenization. The homogenizing procedure used
here is the Taylor’s approximation (Taylor, 1938) which assumes homogeneous strains in a heterogeneous medium with
nonlinear behavior. This method provides the closest possible match with Leblond’s theoretical case for elasto-plastic
phases. Such an approach, called micro–macro, is based on the behavior of each phase which is predicted independently
and which is summed to get the macroscopic behavior of the material. After localization, the behaviors of each phase can
be treated respectively, without coupling. Thus, the model provides the freedom to choose the behavior type of each phase.
2.4.2.1. Strain localization. The approach of localization is based on Taylor’s approximation with equal repartition of strain
rates in each phase of the multiphase composite. The standard strain rate at macro scale is equal to total strain rate of single
phase at micro scale:_Ec ¼ _ei ði ¼ 1;2Þ ð21Þ
According to the localization principle mentioned above, the total strain ratio is split into two parts, one coming from the
total microscopic strain rate of the phases, and the other representing the plastic transformation strain rate:_Etot ¼ _Ec þ _Ept ð22Þ
_Etot ¼ _ei þ _Ept 8i with _e1 ¼ _e2 ð23Þ
_ei ¼ _eei þ _ethmi þ _evpi 8i ð24ÞThe transformation plasticity strain rate is guided by Leblond’s transformation plasticity model (Eq. (3)). After strain rate
localization, the multiphase problem is reduced to the prediction of each single phase behavior.
2.4.2.2. Mechanical behaviors. The elastic and thermo-metallurgical strain rate is_eei ¼ H1i ðT;DiÞri þ ½ethmi ðTÞ  ethmi ðTrefÞ ð25Þ
with ethmi ¼ aiðTÞ  TI for phase 1, ethmi ¼ aiðTÞ  TI  ð1 zcÞDeTref12 for phase 2, HiðT;DiÞ ¼ H0i ðTÞð1 DiÞ (for each phase i, Hi is
Hooke’s operator, 0 indicates initial state and Di is damage variable).
For the austenite, an elasto-plastic model with linear kinematic work hardening is employed. As far as the 15-5PH stain-
less steel is concerned, it is supposed that damage in austenite is null (D2 = 0). This is deduced form the experimental results
that do not show damage of round bars in austenitic state during tensile tests with a tensile strain up to 20% (Wu, 2007).
 The yield function is:f2 ¼ f2ðr2;X2Þ ¼ J2ðr2  X2Þ  ry2 6 0 with J2ðaÞ ¼
3
2
aijaij
 1
2
ð26Þ The evolution laws are:_ep2 ¼
3
2
rD2  XD2
J2ðr2  X2Þ
_p2 ð27Þ
X2 ¼ 23C _e
p
2 ð28Þ
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For the martensite, an elasto-plastic model with isotropic hardening is chosen and the parameters ﬁtted with stress strain
experimental data. The constitutive equations are coupled with damage variable of martensite D1.
The yield function coupled with damage isf ¼ f ðri;Ri;DiÞ ¼ J2ðriÞ1 D
Ri
1 D ryi ð29ÞThe evolution laws are obtained from the generalized normality law:_ep1 ¼
3
2
_p1
ð1 DÞ
rD1
J2ðr1Þ
; ð30Þ
R1 ¼ c1ðTÞð1 D1Þ½1 expðc1p1Þ ð31Þ
where Ri is isotropic strain hardening variable and c the isotropic hardening parameter.
Remark. The choice of different hardening laws is possible with this two-scale modeling: it dictated but usual modeling of
austenitic steels (kinematic) and of martensitic ones (isotropic).2.4.2.3. Stress and damage homogenization. The homogenized macroscopic stress is obtained by a linear law of mixture
guided by the volume fraction of each phase. The following simple homogenization law is chosen:R ¼
X
i¼1;2
ziri ð32ÞThe damage variable is deﬁned and deduced from the surface fraction whereas the phase fraction is deﬁned by the volume.
Under the assumption that the particle of martensite and austenite are spherical shape (see Fig. 3), there arez1 ¼ V1V ¼
R1
R2
 3
ð33Þ
n1 ¼
S1
S
¼ R1
R2
 2
¼ z2=31 ð34Þ
z2 ¼ 1 z1 ð35Þ
n2 ¼ 1 n1 ð36ÞThe damage homogenization is hence given by the following equation:D ¼ D1n1 þ D2n2 ¼ D1z2=31 þ D2ð1 z2=31 Þ ð37Þ2.4.2.4. Memory effect during phase change. The memory effect describes how internal variables in daughter phase inherit
from mother phase when one phase (mother phase) disappears and the other phase (daughter phase) occurs. This phenom-
enon was described by Leblond et al. (1989) from a mechanical standpoint by introducing two strain hardening parameters:
one for the mother phase and the other for daughter phase. Memory coefﬁcient determines how internal variables transfer
from an old phase to a new phase. Herein, g is memory coefﬁcient of damage variable, li is memory coefﬁcient of internal
variableAi. The following simple equations describe memory transmission for internal variables and damage:Ddaughter ¼ g  Dmother ð38Þ
Adaughteri ¼ li  Amotheri ð39ÞThe memory effect is null if g = 0 or l = 0 and full if g = 1 or l = 1.Fig. 3. Schematic illustration of two phases with spherical shape.
4980 T. Wu et al. / International Journal of Solids and Structures 45 (2008) 4973–4989According to Leblond et al. (1989), the memory coefﬁcient is applied in both isotropic and kinematic hardening laws, and
its value depends on the transformation: l = 0 (no memory) is a good value for ferritic and bainitic transformation, which
imply large displacement of atoms by diffusion and therefore important rearrangements of the lattice leading to annihilation
of the dislocations; for martensitic transformation, which is diffusionless and involve only very small displacement of atoms,
is better described by l = 1 (full memory). In the article, the memory coefﬁcient is supposed to be null. The deﬁnition of this
heredity law needs speciﬁc experiments which are not presented in this paper.
3. Numerical simulation of 15-5PH stainless steel
3.1. Material parameters
15-5PH stainless steel is a martensitic precipitation hardening stainless steel offering high strength. Material mechanical
behavior and parameters of phase transformation and damage are given in the Appendix.
3.2. Damage measurement and model parameter calibration
3.2.1. Damage measurement
Damage is not easy to measure directly. Its quantitative evaluation is linked to the deﬁnition of the variable chosen to
represent the phenomenon. Mean damage can be measured by the modiﬁcation of the Young’s modulus of elasticity. This
method, which is an indirect measurement, gives a ﬁrst insight of damage evolution. The damage parameters identiﬁed
by experiment of round bar are limited in the martensitic state. In austenitic tests, the decrease of Young’s modulus was
not observed until a strain of 20%.
3.2.2. Model parameter calibration
In Eq. (18), the exponent a is determined as the slope of the best ﬁtting line of the experimental damage measurements
given bylnðDÞ ¼ lnðDcÞ þ a  ln p pDpR  pD
 
ð40ÞAnd then there islnðDÞ ¼ a  lnðp pDÞ  C ð41Þ
withC ¼ a  lnðpR  pDÞ  lnðDcÞ ð42Þ
where the constant C is the intersection of the ﬁtting line with the ordinate axis. Usually the failure strain and critical dam-
age can be measured, but the threshold strain is not easy to determine because of the experimental scatter.
Once the slope is found, it is possible to have a good estimation of pDpD ¼ pR  exp
C þ lnðDcÞ
a
 
ð43ÞFig. 4 displays the ﬁtting of parameters C and a for martensitic state at 20 C. The identiﬁed parameters are pD = 0.010,
pR = 0.21, Dc = 0.18, C = 1.02, a = 0.42. Other results are listed in Table 5.Fig. 4. Fitting of damage parameters at room temperature.
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Fig. 5. Experimental vs. ﬁtting results of damage at martensitic state at 20, 200, 600 C.
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the proposed damage evolution law has a good agreement with the experimental results. The parameters of the damage
model are listed in Appendix.
3.3. Flat notched bars
3.3.1. Modeling
The section is devoted to study damage of notched specimen. The ﬁrst example is the comparison of calculated results of
three cases with various notch radii (case A: R = 1.0 mm; case B: R = 2.5 mm; case C: R = 4.0 mm), which are tensile tests at
room temperature. And then these numerical results will be compared to experimental data. Only one fourth of the ﬂat spec-
imen is taken into account because of the symmetry in 3D calculation. The mesh consisted of 2100 QUA8-type elements in
condition of plane stress. The boundary condition and geometry of specimen are shown in Fig. 6.
3.3.2. Experiments
The strain on the surface of ﬂat specimen was measured by 3D digital image correlation system (Wu, 2007). Fig. 7 shows a
ﬁeld representation of the axial strains (EPYY). The three cases show similar distribution: peak value of strain always occurs
at the notch edges. Fig. 8 shows that out of plane displacement which is a good indicator of thickness reductions: it strongly
depends on the notch radii. The maximum anticipated thickness reduction is near the notch edges for Case A somewhere
inside for case B and at the center for case C. Fig. 9 displays the section reduction for specimens A–C: this measure is moreFig. 6. Meshes of notched specimens.
Fig. 7. Experimental digital image correlation plot of axial strain (EPYY) on notched samples (cases A–C) when loading displacement is equal to 1.5 mm
(d = 1.5 mm).
Fig. 8. Experimental digital image correlation distribution of out of plane displacement on notched samples (cases A–C) just before crack apparition
(uniaxial tensile test at room temperature).
4982 T. Wu et al. / International Journal of Solids and Structures 45 (2008) 4973–4989discriminant. The comparison of the two out of plane displacement ﬁelds on the two faces of the specimen allow to compute
the thickness variation ﬁeld and the knowledge of the thickness permit to deduce the corresponding axial strain ﬁeld. The
reduction of thickness can be used as rough damage evolution estimation, and we could consider that maximum damage lies
in the place where minimum section appears. Therefore, the conclusion resulting from the comparison of Figs. 8 and 9 is that
the largest strain is not at the same location as maximum thickness reductions: this observation is an indication that damage
occurs just before failure. The strain being rather large near failure, the measured strains are mainly elasto-plastic and hence
the maximal strain across the thickness should be at the same place as the maximum axial strain. It is an indication thatTensile curves at 20ºC
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Fig. 9. Experimental section reduction (between point M and point N, mid section) vs. applied load.
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from edges to center, thus is in agreement with the observations mentioned above. The experimental results leaded to a con-
clusion, i.e. the stress triaxiality plays a dominating role in the evolution of damage.
3.3.3. Results and discussions
The strains of three cases at minimum section of specimens are displayed in Fig. 10. One can observe on this ﬁgure that
numerical computed longitudinal strains (EPYY) are in good agreement with experimental data: maximum strain is at edge
of notch, and the specimen with large notch has ﬂat strain distribution at minimum section. Stress triaxiality distribution
across the minimum section specimen does not only depend on applied displacement but also on notch radius. Simulated
results (Wu, 2007) show that the notch has an important inﬂuence on the distribution of triaxial stress: the maximum tri-
axial stress for case B and case C is at centre whereas it is near edge of notch for case A.
The damage evolution across the minimum section has been analyzed in order to determine the initiation of ductile fail-
ure location. Damage simulation of notched geometry has been computed using the constitutive equations Eq. (19). In
Fig. 11, damage contour map shows ductile failure evolution across the minimum section. The initial failure of case A is near
notch edge whereas the maximum damage of case C is at the centre of specimen. The damage is mainly inﬂuenced by hydro-
static stress. Here, the competition between stress triaxiality and plastic strain accumulation determines failure initiation
location (near the notch in case A). After initiation, the failure extends across the minimum section and ﬁnally entire fracture
happens. These simulated results (see Fig. 11) are in good agreement with experimental results (see Fig. 8): initial cracks
occur near notch in case A whereas they appear at the centre of specimen in case C during the tensile tests. Consequently,
the ﬂat notched specimen can be considered an appropriate geometry to study damage evolution under multiaxial propor-
tional loading stress state.
3.4. An example of laser heated disk
3.4.1. Introduction
3.4.1.1. Experimental methodology. In order to simplify the problem and focus on the metallurgical and mechanical analysis,
an example of disk heated by laser is shown (Fig. 12). This disk case is a prototype simple experiment where the metal expe-
riences a transient thermal history close to that occurring during welding. It is applied to simulate the heat affected zone
(HAZ) in base metal, but the fusion zone (FZ) part is neglected. In Fig. 12, HAZ is divided into three smaller zones: coarse
grained heat affected zone (CGHAZ): Tmax Ac3; ﬁne grained heat affected zone (FGHAZ): Tmax is just above Ac3; inter crit-
ical heat affected zone (ICHAZ): Ac1 < Tmax < Ac3. The case of a disk heated by laser at center is simulated for the purpose of
understanding and analyzing the damages and residual stresses produced during a welding operation. A disk made of 15-
5PH with 160 mm in diameter and 5 mm in thickness, is heated at the centre by a spot laser for 70 s, then cooled by natural
convection for 730 s.
3.4.1.2. Modeling. Simulation of the disk heated by laser was implemented in software Cast3M. The mesh consists of 200
QUA4-type linear elements and the problem is considered to be axisymmetric (Fig. 13). The laser spot is modeled by a heat
surface ﬂux with Gauss model whose distribution on the upper side is displayed in Fig. 14. The lower and lateral sides are
subjected to free convection. The coefﬁcient of convection exchange is: hc = 10Wm2  C. The radiation coefﬁcient is ex-
pressed by hr = re, where the emissivity: e = 0.7 and the Helmotz constant:r = 5.67  108. The ambient temperature is sup-
posed to be 20 C.
Three calculations are performed: the ﬁrst one applied homogenized macroscopic elasto-plastic model with the mixing
law of material properties. The second calculation used the two-scale model proposed in Section 2.4.2 but without damage.EPYY at minimum section 
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Fig. 12. Schematic diagram of a laser heated disk and HAZ.
Fig. 13. Mesh and dimensions of disk.
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Fig. 14. Flux input on upper surface of the disk.
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Fig. 15. Temperature ﬁeld at the end of heating (70 s).
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culation is performed in the ﬁnite element code SYSWELD, where the macroscopic Leblond model exists. The two other cal-
culations have been implemented in the ﬁnite element software CAST3M, where the computing program of the proposed
models is developed by authors.
3.4.2. FEM simulation results
Phase fraction is determined by thermal loading not by mechanical loading. The time discretization may be different be-
tween the thermo-metallurgical and the mechanical calculations. The material properties are nonlinear with temperature,
and experimental data at some speciﬁc temperatures are input in the program. Other values between the speciﬁc temper-
atures are interpolated linearly.
The thermo-metallurgical calculation has been compared between SYSWELD and CAST3M: they give very similar re-
sults. The results from CAST3M show the temperature ﬁeld at the end of heating (70 s) in Fig. 15 and the phase proportion
at the end of the heating stage (70 s) in Fig. 16. During the heating stage, the highest temperature reaches to 1050 C, and the
temperature drops to 60 C at the end of cooling. The initial (no thermal history) and ﬁnal (after heating and then cooling)
states of metal 15-5PH are 100% martensitic. Fig. 16 shows that the phase at the center (CGHAZ and FGHAZ) is austenitic and
it is mixture of martensite and austenite at the ICHAZ.
The mechanical simulation uses the previously calculated results: temperature ﬁled and phase proportion. The mechan-
ical calculation is not coupled with the temperature simulation, and the calculated temperature and phase ﬁled are an input
date. The plastic behavior in macroscopic model is isotropic hardening. In the two-scale model, the austenite is modeled with
kinematic hardening whereas martensite has isotropic hardening plasticity.
The damage, which was calculated in the two-scale model, is plotted at three representative moments: at 50 s when
austenitic transformation does not happen (Fig. 17a), at 100 s when austenite appears at the centre of disk (Fig. 17b), andFig. 16. Phase proportion at the end of heating (70 s).
Fig. 17. Damage ﬁeld at 50 s (a), 100 s (b), at the end of cooling (c).
4986 T. Wu et al. / International Journal of Solids and Structures 45 (2008) 4973–4989at 800 s at which the martensitic transformation is completed (Fig. 17c). Damage has developed before austenite appearance
because of heating induced expansion at centre and restriction of surrounding cold metal. A very small damage occurs ﬁrst at
centre: this is due to the proposed damage model (Eq. (19)) which allows damage event with compressive stress states.
However, this damage is no longer present at the end of the computation centre in Fig. 17b because the central metal
was changed into austenite which wipes out the initial damage because damage does not inherit from martensite due to
a null memory coefﬁcient g. At that moment, the damage appears on the boundary between martensite and austenite. When
martensitic transformation is completed with the temperature cooling, the damage occurs and accumulates in the whole
heat affected zone.
The calculation of two-scale model shows that the peak residual stresses in radial or circumferential directions on upper
surface of the disk are not at the center which experiences the highest temperature but at the ICHAZ region (see Figs. 18 and
19). The positive peak stress is at the ICHAZ, whereas the negative lies in FGHAZ near ICHAZ side. The calculation result
shows that damage has an inﬂuence on the residual stresses: the damage reduces the maximum radial stress of about
10%, and 8% for circumferential stress. This inﬂuence is modest.
The calculated results in Fig. 19 show that the residual stresses on the upper surface of disk from the mac-
roscopic model are gentler than that from two-scale model in general. Speciﬁcally, the macroscopic hoop stress of
the two-scale model concentrates in a narrower region than that of the macroscopic model, while the peek valueRadial stresses on the upper surface
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Fig. 18. Residual radial stress on the upper surface of disk.
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Fig. 19. Residual hoop stress on the upper surface of disk.
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null memory effect of all internal variables in the two-scale model which leads to less accumulated residual
strain and stress. Another reason is that the two-scale model has different type of plastic hardening for each
phase.3.4.3. Discussion
The analysis of the disk heated by laser is a simpliﬁcation of real welding process because there is no moving fu-
sion zone and the structure is quite simple compared to usual welded structures. But it produces a rather represen-
tative HAZ. The example is studied in order to better understand the effects of damage and phase homogenization
method on the prediction of residual stress. Leblond’s homogenized macroscopic model is based on the mixture of
material parameters of each phase, and the mixture law is an empirical formulae. It is impossible to use different plas-
tic hardening law for different phase in the homogenized model, moreover when the hot phase is not damaging
whereas the cold one is subjected to damage as observed on 15-5PH experiments. The two-scale model provides
the freedom to use the appropriate model for each phase’s behavior including different damage modeling. The simu-
lations with the two-scale damage model ﬁrst predict a damage state in the HAZ. This damage is in the region where
cracking will possibly occur due to service loading of the component. In terms of residual stresses it predicts more
localized and smaller residual stresses than the macro scale model. Nevertheless these results could not be compared
with experiments by lack of results. This two-scale modeling technique (without damage) was applied with success to
the same experiments with 16MND5 steel (Coret, 2002) and gave a ‘‘good” prediction of the measured residual stres-
ses. It is hoped that the same predicted model shall be of the same quality for this two phase transformation steel:
one may observe that the introduction of damage slightly reduces the residual stresses. The reduction is not high en-
ough to be discriminated by residual stress measures. Only the damage measures in the HAZ could permit to validate
the model.4. Conclusion
The simulation of thermomechanical problems with phase transformation is a complex problem. When the thermo-
mechanical problems couple damage, the problems become more complicated. The difﬁculty lies not only in the cou-
pling between phase transformation (often associated to transformation plasticity) and mechanics but also in that
damage develops in the multiphase materials. The contribution was devoted to three particular points. The ﬁrst was
to develop the proper constitutive equations that can correctly predict damage and residual stresses induced by severe
thermal or mechanical loading. The constitutive equations included phase transformation, transformation plasticity and
damage models. A damage equation was proposed based on the Lemaitre’s ductile damage model for the purpose of
extending application and better ﬁtting the studied material. The constitutive equations used a two-scale structure
which provides a freedom to choose material law for each phase and where all phases are represented with their
own behavior.
Numerical veriﬁcation of ﬂat notched bars shows a good agreement with the experimental results in term of strain and
damage on the surface. The example of disk heated by laser was used to simulate the HAZ of welding. The model supports to
trace history of each phase’s behavior (damage, stress, strain, etc.). In the case of disk, damage in the martensite decreases
about 10 percent the peak residual stresses on the upper surface.
Table 2
Chemical compositions of 15-5PH stainless steel (wt.%)
C 0.030
Si 0.40
Mn 0.66
P 0.020
S 0.001
Cr 15.44
Mo 0.05
Ni 4.50
Cu 3.16
Al 0.013
N 0.025
NB 0.29
Fe Balance
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Appendix
15-5PH stainless steel is a martensitic precipitation hardening stainless steel offering high strength. The element compo-
sitions of 15-5PH (H1025), which we studied, is shown in Table 2. Welding of 15Cr–5Ni steel plays a signiﬁcant role in the
power and aeronautic industries. 15-5PH is quite different from austenitic stainless steel in that there are phase changes dur-
ing heating and cooling stages. The mechanical properties of 15-5PH are given in Table 3. The parameters of phase transfor-
mation model and damage model are respectively shown in Tables 4 and 5.Table 3
Young’s modulus and yield strength of 15-5PH
Temperature (C)
20 200 600 700 850
Martensite E (GPa) 199 189 121 78 —
0.2% SIG_Y (MPa) 1028 901 455 159 —
Austenite E (GPa) — 180 120 — 38
0.2% SIG_Y (MPa) — 169 106 — 115
Table 4
Parameters of phase transformation model
Parameter Value
Ms 160 C
Ac1 760 C
Ac3 820 C
aa 1.25E5
ac 2.09E5
Deth12 9.58E3
b 0.011
Table 5
Parameters of damage model
Temperature pD pR Dc j
20 C 0.010 0.21 0.18 0.42
200 C 0.012 0.20 0.08 0.79
600 C 0.020 0.19 0.06 1.05
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